Abstract We previously demonstrated that bone marrow (BM) cells migrate to Ewing's tumors and differentiate into endothelial cells within the tumor vasculature. Recent evidence suggests that the roles of BM cells in tumors are more diverse. We investigated whether non-endothelial cell types critical for tumor vessel development are also derived from migrated BM cells. We utilized BM transplantation with GFP + transgenic mice as BM donors and nude mice as recipients to track the fate of migrated BM cells. After engraftment, we injected recipient mice either subcutaneously or intramuscularly with Ewing's sarcoma cells. We labeled functional tumor vessels using intravascular perfusion staining with tomato lectin. We assessed BM cell recruitment/differentiation within the tumor microenvironment using immunohistochemistry. Ewing's tumors contained BM-derived cells that had differentiated into endothelial cells lining perfused tumor vessels. A substantial fraction of recruited BM cells also resided in the vessel vicinity and expressed desmin and PDGFR-b, indicating smooth muscle cell differentiation. In order to further characterize the role of stem/progenitor cells in Ewing's sarcoma, we sorted Tie2 -BM cells from Tie2-GFP transgenic mice and then injected them intravenously into Ewing's tumor-bearing mice. 
Introduction
Both angiogenesis and vasculogenesis play important roles in the establishment and growth of blood vessels during normal physiologic responses including wound healing and myocardial repair as well as pathologic situations such as proliferative retinopathy and tumor growth. We previously demonstrated that bone marrow (BM) cells participate in the formation of blood vessels that support the growth of Ewing's sarcoma tumors [1, 2] . We further demonstrated that BM cells that migrate into Ewing's sarcoma tumors differentiate into endothelial cells that co-localize with these blood vessels and that this process is controlled by vascular endothelial growth factor 165 (VEGF 165 ) [1] [2] [3] .
Others have also shown direct incorporation of BM-derived endothelial progenitor cells into the expanding vascular networks that are essential for tumor growth [4] [5] [6] . Furthermore, intravascular staining using lectin perfusion demonstrated that these BM-derived endothelial cells line the lumens of functional tumor vessels [6] .
The contribution of recruited BM cells to tumor growth may extend beyond differentiation into endothelial cells. Studies have shown that BM-derived cells differentiate into pericytes (also known as mural cells and vascular smooth muscle cells) in tumor blood vessels [7] [8] [9] . Rajantie et al. demonstrated that periendothelial mural and hematopoietic cell progenitors from BM rather than endothelial cell progenitors contributed to neoangiogenesis [8] . Also, De Palma et al. reported that Tie2-expressing monocytes homed to tumors and promoted angiogenesis in a paracrine fashion; specifically eliminating these cells led to suppression of tumor angiogenesis and growth [10] . Finally, Gr +
CD11b
+ myeloid immune suppressor cells were found not only to home tumors and incorporate into tumor endothelium, but also to promote tumor angiogenesis and growth indirectly via release of matrix metalloproteinase 9 [11] .
In the present study, we performed transplantation of BM obtained from green fluorescent protein (GFP) and Tie2-GFP transgenic mice into nude BALB/cAnN mice to track the migration and fate of BM cells. We used intravascular lectin perfusion staining to identify the functional blood vessels in order to better understand how stem/progenitor cells contribute to tumor vessel development. In addition to differentiating into endothelial cells and directly incorporating into perfused, functional tumor blood vessels, we demonstrated that BM cells recruited to Ewing's tumors differentiated into vascular smooth muscle cells/ pericyte-like cells expressing desmin, platelet-derived growth factor receptor-b (PDGFR-b), and a-smooth muscle actin (a-SMA). We further demonstrated that differentiation of these perivascular supporting cells was induced by VEGF 165 .
Material and methods
Ewing's sarcoma cells and culture conditions TC71 and VEGF 165 small interfering RNA (siRNA)-inhibited clone (TC/siVEGF 7-1 ) human Ewing's sarcoma cells were cultured in Eagle's modified essential medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM nonessential amino acids, 1 mM penicillinstreptomycin, and a twofold vitamin solution (Gibco BRL, Grand Island, NY). The t(11; 22) translocation in Ewing's sarcoma cells was detected using reverse transcriptasepolymerase chain reaction. TC/siVEGF 7-1 cells were created by transfection of TC71 cells with a vector-based, VEGF 165 -targeted small interfering RNA (siRNA) expression system [5] . VEGF 165 Haven, CT). All the mice were housed in a specific-pathogen-free facility. GFP and Tie2-GFP transgenic mice were used as BM donors, and nude BALB/cAnN mice were used as BM recipients. BM cells were isolated from donor mice by flushing their hind femurs with phosphatebuffered saline (PBS). Freshly isolated BM cells were resuspended in PBS and kept on ice until they were injected into the tail veins of the recipient mice.
BM transplantation using GFP transgenic donors
Recipient BALB/cAnN mice were irradiated using an external cesium source ( 137 Cs Mark 1 irradiator; J.L. Sheperd & Associates, Glendale, CA). Specifically, the mice underwent whole-body irradiation at 8 Gy in one dose. BM cells (3 9 10 6 cells/0.2 ml PBS) isolated from GFP transgenic mice were injected via the lateral tail vein into recipient mice within 1 h after irradiation. Engraftment of the BM cells in the recipient mice was assessed 6 weeks after BM transplantation. Whole BM was obtained from recipient mice by flushing their hind femurs with PBS and analyzed for GFP expression using a flow cytometer (Beckman Coulter, Fullerton, CA).
Ewing's sarcoma mouse model Nude mice were injected either subcutaneously or intramuscularly with TC71 or TC/siVEGF 7-1 Ewing's sarcoma cells in a growth factor-depleted Matrigel basement membrane matrix (2.5 9 10 6 cells/0.3 ml BD Matrigel Basement Membrane Matrix; BD Biosciences, San Jose, CA). For the intramuscular tumor cell injections, the animals were first anesthetized via intraperitoneal administration of pentobarbital sodium (Nembutal), after which TC71 cells in Matrigel were injected into their left calf muscles. All injections were performed with a 30-gauge needle and a 1-cc disposable syringe. Two weeks after tumor cell injections, the animals were euthanized and their Ewing's sarcoma tumors were resected, placed in Optimal Cutting Temperature (OCT) compound (Sakura Finetek USA, Torrance, CA), snap-frozen in liquid nitrogen, and stored at -80°C.
Lectin perfusion
Animals received an intravenous injection of fluoresceinconjugated Lycopersicon Esculentum (tomato) lectin (0.4 mg; Vector Laboratories, Burlingame, CA). After 2 min, the animals were euthanized. Their Ewing's sarcoma tumors were immediately resected, placed in OCT compound, snap-frozen in liquid nitrogen, and stored at -80°C. + cells were cultured for 24 h with the adenovirus vector Ad5/F35-GFP. Ad5/F35 binds cells in a CAR-independent manner, allowing effective gene delivery to human stem/progenitor cells [12] .
Whole BM from GFP transgenic mice was used as the source of murine Sca1 + /Gr1 + and VEGFR2 + progenitor cells and analyzed using the following antibodies: PEconjugated anti-mouse Flk1 (VEGF-R2, Ly-73) (BD Biosciences), PE-conjugated anti-mouse Sca-1 (Ly-6A/E) (BD Biosciences) and allophycocyanin (APC)-conjugated antimouse Gr-1 (Ly-6G) (BD Biosciences). Isotypic mouse 
Tie2-GFP transplant model
Whole BM cells were obtained from Tie2-GFP transgenic mice by flushing their hind femurs with PBS and sorted using a fluorescence-activated cell sorter (BD FACSAria; BD Biosciences) to obtain the GFP -population. Sorted GFP -BM cells were resuspended in 0.2 ml of PBS and kept on ice until use. These cells were injected into the tail veins of nude mice (*10 9 10 6 cells/mouse) that had been inoculated with either TC71 or TC/siVEGF 7-1 cells (in Matrigel) 1 week earlier. One week after the BM cell injection, the mice were euthanized, and their tumors were resected and analyzed.
Immunohistochemical analysis and microscopy
For immunofluorescence staining, frozen tumor tissue sections were fixed in acetone and blocked using 4% fish gelatin in PBS. For detection of GFP-expressing cells, cryostat sections were incubated with rabbit anti-GFP (Santa Cruz Biotechnology, Santa Cruz, CA) followed by goat anti-rabbit Alexa Fluor 594 (Molecular Probes, Eugene, OR). Fluorescein-lectin-marked tumor vessel endothelium was imaged directly via fluorescence microscopy. Immunostaining for desmin was performed by incubating with rabbit anti-desmin (Abcam, Cambridge, MA) followed by goat anti-rabbit Alexa Fluor 488 (Molecular Probes). For detection of PDGFRb-expressing cells, sections were incubated with rabbit anti-PDGFRb (P-20; Santa Cruz Biotechnology) followed by goat anti-rabbit Alexa Fluor 488 (Molecular Probes). For detection of a-SMA-expressing cells, sections were incubated with mouse anti-SMA (Abcam) followed by goat anti-mouse Alexa Fluor 488 (Molecular Probes). Immunostaining for CD31 was performed by incubating with rat anti-mouse CD31 (BD Biosciences) followed by goat anti-rat Alexa Fluor 488 (Molecular Probes). Immunohistochemical detection of Tie2 was performed using rabbit anti-Tie2 (C-20; Santa Cruz Biotechnology) followed by goat anti-rabbit Alexa Fluor 488 (Molecular Probes). Immunohistochemical detection of VEGFR2 was performed using rabbit antimouse VEGFR2 (Sigma, St. Louis, MO) followed by goat anti-rabbit Alexa Fluor 488 (Molecular Probes). When using mouse monoclonal antibodies, slides were preblocked overnight with F(ab) fragment (Jackson ImmunoResearch, West Grove, PA) prior to incubation with the primary antibody. Hoescht 33342 dye (Molecular Probes) was used to stain the cell nuclei. Fluorescent images were captured at 109 (eyepiece) and 109 or 209 (objective) with Optimas imaging software (San Diego, CA). For confocal microscopy, the following secondary antibodies were utilized: goat anti-mouse Cy-3 (Cy-3-conjugated AffiniPure F(ab 0 ) 2 Fragment Goat Anti-Mouse IgG + IgM, Jackson Immunoresearch Laboratories Inc, West Grove, PA), goat anti-mouse Cy-5 (Jackson Immunoresearch), goat anti-rabbit Cy-3 (Jackson Immunoresearch), and goat anti-rabbit Cy-5 (Jackson Immunoresearch). Sytox Green (Invitrogen, Carlsbad, California) was used to stain cell nuclei. Images were collected using a Zeiss Laser Confocal Microscope (Carl Zeiss MicroImaging, Inc. Thornwood, New York).
Results

Migration of BM cells into perfused functional Ewing's tumor vessels
We employed a BM transplantation model using GFP transgenic mice as BM donors and nude mice as recipients to track the migration of BM cells to Ewing's sarcoma tumors. In order to demonstrate successful engraftment of donor stem/progenitor cells, we collected recipient BM samples 6 weeks after transplantation and analyzed them for GFP expression using flow cytometry. These BM samples had substantially higher GFP expression ([69% GFP + cells) when compared with BM samples obtained from control (untransplanted) nude mice (\1% GFP + cells) confirming engraftment. Transplanted mice were then injected with TC71 cells. Mice were sacrificed 2 weeks later and their tumors removed. Prior to sacrifice, we performed intravascular perfusion staining with fluoresceinconjugated lectin to identify the functional vessels and determine whether BM cells were recruited to these perfused vessels. The intensity of spontaneous green fluorescence emitted by GFP-expressing BM cells recruited to tumors in vivo was too low to detect these cells in cryostat sections. For this reason, we utilized an anti-GFP antibody to identify the migrated GFP + cells. GFPexpressing cells within tumors were detected in cryostat sections by incubating with rabbit anti-GFP, followed by a secondary antibody conjugated to the Alexa594 fluorophore. GFP + cells were therefore, red. This also helped distinguish the lectin + green vessels from the GFP + cells. Following i.v. infusion of tumor-bearing mice with fluorescein-conjugated lectin, perfused (functional) tumor vessel endothelium displayed very strong spontaneous green fluorescence (Fig. 1a and b) . Superimposition of the GFP and lectin images revealed numerous areas throughout the TC71 Ewing's tumor in which BM-derived GFP + cells (red-stained) resided in the vicinity of perfused (greenstained) blood vessels ( Fig. 1a and b) . Within these vascular areas, GFP and lectin co-localized at specific sites, resulting in a yellow fluorescence in the merged image (Fig. 1a, arrow) . Only perfused vessel endothelium was lectin-marked, which suggested that BM-derived cells could differentiate into endothelial cells lining the lumens of functional vessels in TC71 tumors. A much more substantial fraction of recruited BM cells were distinct from the lectin + vascular cells. These BM-derived cells resided in close proximity to the perfused tumor vessels, did not stain positively for lectin, and formed clusters that were outside but closely associated with the vascular endothelial lining (Fig. 1b) . In order to confirm that BM-derived cells can differentiate into endothelial cells in Ewing's tumor vessels, mice bearing TC71 tumors were i.v.-injected with gfp + BM cells, and tumors were resected one week later. Co-expression of gfp and CD31 was demonstrated at specific sites within the Ewing's tumor vasculature, indicating endothelial differentiation of BM cells (arrows, Fig. 1c) . A substantial fraction of BM cells that had migrated to the Ewing's tumor resided in multilayered networks adjacent (Fig. 1d) , similar to the relationship observed between recruited BM-derived cells and lectin + perfused vessel endothelium (Fig. 1b) .
Differentiation of recruited BM cells into vascular smooth muscle cells
We have demonstrated that recruited BM cells differentiate into endothelial cells that co-localized with the tumor vessels. In order to determine whether recruited stem/progenitor cells also differentiate into vascular smooth muscle (pericyte-like) cells within the Ewing's sarcoma tumor vasculature, we co-stained tumors obtained from GFP + BM-transplanted mice for GFP and either desmin or PDGFRb. As described above, the intensity of spontaneous green fluorescence emitted by GFP-expressing BM cells recruited to tumors in vivo was too low to detect these cells in cryostat sections without utilizing an anti-GFP antibody. Therefore, co-immunostaining with anti-GFP (Alexa594) to detect BM-derived cells and anti-desmin/anti-PDGFRb (Alexa488) to detect pericytes was used. Tumor sections displayed multiple cells co-expressing GFP and PDGFRb (Fig. 1e) or GFP and desmin (Fig. 1f) . We observed desmin + and PDGFRb + cells in large clusters that extended from the vessel lumens deeper into the tumor microenvironment, suggesting the presence of an extensive smooth muscle cell/pericyte framework supporting vascular endothelium. Superimposition of the GFP and desmin/PDGFRb images revealed distinct sites of yellow fluorescence (Fig. 1f , Merge, white arrows-BM-derived cells) immediately adjacent to sites of green fluorescence (Fig. 1f , Merge, red arrows-non-BM-derived cells), indicating that the pericyte network was a mosaic of both locally derived and BM-derived cells. In order to demonstrate that the colocalization observed was not merely the result of artifact, adjacent serial tumor sections were single stained for either anti-GFP or anti-desmin/anti-PDGFRb alone. These single immunostained sections (data not shown) confirmed that both GFP + and desmin + /PDGFRb + cells were present, as observed in the co-stained sections.
Characterization of specific BM-derived progenitor subpopulations that migrate to Ewing's sarcoma tumors and differentiate into vascular smooth muscle cells After demonstrating the participation of whole, unfractionated BM in Ewing's sarcoma neovasculature expansion, we next determined which specific BM subpopulations migrate to Ewing's tumors and contribute to the pericyte/vascular smooth muscle cell network. Specifically, we investigated the ability of CD34 (Fig. 2a, arrows) resulted in a mosaic pattern of BM progenitor-derived (yellow) and locally derived (green) pericytes adjacent to each other within the Ewing's tumor vascular smooth muscle cell network (Fig. 2a) . VEGFR2 + cells were similarly found to migrate to Ewing's tumors and differentiate into vascular smooth muscle cells expressing desmin (Fig. 2b, arrows) and SMA (data not shown). In addition, migrated, human CD34 + -derived cells were also detected within the Ewing's tumor neovasculature. Confocal analysis demonstrated that some of the CD34 + cells that had homed to the Ewing's tumor vasculature expressed alpha-SMA (Fig. 2c, 
Tie2
-BM precursors migrate to Ewing's tumors and differentiate into Tie2 + vascular smooth muscle cells in a VEGF 165 -dependent manner In order to further explore the differentiation of BMderived cells in Ewing's tumors and the role of the tumor microenvironment, we utilized BM from Tie2-GFP transgenic mice, in which GFP is expressed under the direction of the Tek (formerly Tie2) promoter. Freshly isolated Tie2-GFP mouse BM was [99% GFP-negative by flow cytometric analysis, indicating that these cells were Tie2 negative (Fig. 3a) . In order to determine whether the microenvironment plays a role in the differentiation of BM-derived cells that are recruited to Ewing's tumors, the GFP-negative BM fraction (indicated by P8, Fig. 3a) was isolated from whole Tie2-GFP mouse BM using FACS and subsequently i.v.-injected into nude mice bearing subcutaneous TC71 Ewing's sarcoma tumors. Tumors were resected 1 week later. Immunostaining revealed clusters of GFP + cells throughout the tumors, indicating that the i.v.-injected Tie2
-cells had migrated to the tumors and differentiated into Tie2 + cells (Fig. 3b) . Co-expression of Tie2 and GFP in cells within the tumors was confirmed using immunohistochemical analysis (data not shown). These migrated GFP + Tie2 + cells were found clustered in the vicinity of CD31 + vessels (Fig. 3b) . However, we were not able to demonstrate co-localization of GFP and CD31, suggesting that these BM-derived Tie2 + cells had not differentiated into endothelial cells. These cells resided adjacent to and surrounding CD31 + tumor microvessels and expressed the pericyte/smooth muscle cell differentiation markers desmin (Fig. 3c) and a-smooth muscle actin (data not shown). We also found that VEGF receptor-2 (VEGFR2) was expressed by these Tie2 + perivascular cells (Fig. 3d) . Figure 3e and f depict serial, adjacent tumor sections co-stained for gfp and either CD31 (3E) or PDGFR-beta (3F), further demonstrating the differentiation In order to determine whether the migration of Tie2 -BM cells into Ewing's tumors and their subsequent differentiation into Tie2 + vascular smooth muscle cells was specifically mediated by VEGF 165 within the tumor microenvironment, we repeated all of the above experiments using a VEGF 165 siRNA-inhibited TC71 clone (TC/ siVEGF 7-1 ) [3] . Using the GFP-transplant and i.v. lectin infusion schema described above, we first established that TC/siVEGF 7-1 tumors contained small, discontinuous lectin-marked vessels, which was consistent with our previous findings [2, 3] . Despite this disruption in vessel size/morphology, multiple areas contained clusters of BM-derived cells surrounding perfused tumor vessels (Fig. 4a) . While the number of migrated cells was smaller than that seen in the parental tumors (Fig. 1b) , this indicated that BM cells continued to migrate into the tumor area despite the low levels of VEGF 165 . Having demonstrated that BM cells can migrate into the TC/siVEGF 7-1 tumors, we next injected GFP-negative cells from Tie2-GFP BM into mice with TC/ siVEGF 7-1 tumors. We resected the tumors 1 week later. Immunostaining of the resected TC/siVEGF 7-1 tumor tissue revealed few Tie2 + GFP + cells (Fig. 4b, arrows) . This data indicates that VEGF 165 may influence not only BM cell migration to the tumor area, but also the fate of the migrated cells.
Discussion
Previous work in our laboratory has demonstrated that BM cells migrate to Ewing's sarcoma tumors and differentiate into endothelial cells [1, 2] . In the present study, we demonstrated that a substantial fraction of BM-derived cells reside in the vicinity of perfused functional tumor vessels. These cells have differentiated into vascular smooth muscle/pericyte-like cells in addition to endothelial cells. Pericytes are known to envelop the inner endothelial lining of blood vessels, providing support and regulating blood vessel formation/maturation via communication with endothelial cells [9] . Studies have shown that paracrine signaling, specifically via PDGF-BB, is important for proper interaction between pericytes and endothelial cells [13, 14] . Also, inhibition of pericyte function and detachment of pericytes from vascular endothelium result in blood vessel disruption and tumor growth inhibition [15] . Our finding that BM cells differentiate into vascular smooth muscle cells in addition to endothelial cells within Ewing's tumors adds further support to the idea that stem/ progenitor cells and vasculogenesis contribute to solid tumor neovascularization and growth. These BM-derived -GFP -cells was secondary to a small contaminating population of GFP + cells present in the original i.v. inoculum. However, this explanation is highly unlikely for several reasons. First, as shown in Fig. 3a , the GFP-negative population isolated using FACS was strongly negative; weakly GFP-negative cells were not selected for i.v. injection into tumor-bearing mice. Furthermore, analysis of tumor sections demonstrated massive infiltration of GFP + cells throughout the tumor tissue, with greater than 50% of low-power fields containing evidence of these BM-derived cells, following two separate in vivo experiments. It is unlikely that such a small, contaminating population of GFP + cells which escaped the stringent selection requirements imposed during FACS was responsible for the abundance of GFP + BM-derived cells within the tumor. Indeed, previous work in our laboratory has demonstrated that the detection of migrated, GFP + BM cells in tumors by immunohistochemical analysis is very difficult when only a small number of such cells is recruited to the tumor site. Thus, one would also have to propose that this small number of GFP + contaminating cells migrated and expanded to achieve the number of GFP + cells seen in the tumor sections. Even considering a 24 h doubling time it is highly unlikely that this small number of GFP + cells could expand and account for all of the GFP + cells seen. Based on these considerations, the presence of Tie2 -GFP -BM precursors to Tie2 + GFP + cells. Given its overexpression in Ewing's tumors, we investigated whether VEGF 165 was responsible for the migration and differentiation of this population of BM-derived pericyte precursors. We have previously shown that VEGF 165 siRNA-inhibited (TC/siVEGF 7-1 ) Ewing's tumors demonstrate delayed in vivo growth and decreased vessel density [2, 3] . In the present study, we found that whole GFP + BMderived cells can still migrate to TC/siVEGF 7 -cells using immunohistochemical methods was unsuccessful. However, taken together, our findings suggest that VEGF 165 in the tumor microenvironment plays a key role in influencing the differentiation of infiltrating stem/progenitor cells.
Understanding the functions of recruited BM cells within tumors and how they contribute to tumor vascular expansion, as well as the molecular cross-talk mediating their interactions with tumor cells, may allow us to identify novel therapeutic targets that can be exploited to inhibit tumor growth. Such novel therapies are needed for cancers like Ewing's sarcoma, the prognosis for which has remained unchanged over the past 15 years.
